Huntington's disease (HD) is a severe neurodegenerative disorder caused by poly Q repeat expansion in the Huntingtin (Htt) gene. While the Htt amyloid aggregates are known to affect many cellular processes, its role in translation is not addressed. Here we report pathogenic Htt expression causes protein synthesis deficit in cells. We find a functional prion-like protein, the translation regulator Orb2 to be sequestered by Htt aggregates. Coexpression of Orb2 can partially rescue the lethality associated with poly Q expanded Htt. These findings can be relevant for HD as human homologs of Orb2 also can be sequestered by pathogenic Htt aggregates. Our work suggests that translation dysfunction could be one of the contributors in the pathogenesis of HD and new therapies targeting protein synthesis pathways might help alleviate disease symptoms.
Introduction:
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder with no known treatment till date [3] . The symptoms associated with the disease are severe motor defects like chorea, uncoordinated movements, cognitive and behavioral problems which are progressive in nature. In the human brain, HD phenotypes are manifested as severe atrophy of caudate nucleus and putamen regions which together are part of the dorsal striatum. While the adult-onset HD phenotypes start manifesting after 40 years of age, there are also cases of juvenile HD which start manifesting at very early ages and are more aggressive in nature [47] . HD is caused due to CAG repeat expansion in the Exon1 of Huntingtin gene on chromosome 4p16 [39] . The CAG triplet codes for Glutamine (Q) and diseasecausing expansions can range from 40 to 200 [36] . Due to polyQ expansion, the expanded Huntingtin (Htt) protein form misfolded aggregates causing an imbalance in cellular proteostasis and eventually neuronal cell death. Cellular proteostasis is regulated through a careful orchestration of protein synthesis, it's folding and degradation [33] . In HD models, while the involvement of protein folding pathways through chaperone networks and proteasomal degradation pathways are well studied [5, 18, 20, 22, 35, 41, 51] , its connection to protein synthesis is not very well established. There are several indicators pointing towards such a plausible connection. A network of proteins involved in rRNA processing and ribosome biogenesis were found to be differentially expressed in Yeast expressing pathogenic HttQ103 [57] . Components of ribosome quality control are also involved in Htt aggregate clearance in Yeast [60] . In mouse brains, both non-pathogenic and pathogenic Htt was found to be associated with translating polysomes [10] . A proteomics study with Neuro2a cells expressing pathogenic Htt, observed proteins involved in RNA processing, ribosome biogenesis, and translation to interact with oligomers of Htt [32] . Further proteomic profiling study of the progression of HD in mouse model also found several RNA binding proteins involved in translational control, ribosome biogenesis is part of the insoluble proteome in the brain [23] , suggesting pathogenic Htt might be pushing these proteins to become nonfunctional. HD brains also show sense and antisense repeat-associated non-ATG (RAN) translation proteins which are also responsible for toxicity [2] .
Motivated with these observations here we investigated the status of cellular translation associated with non-pathogenic and pathogenic Htt protein expression.
We find pathogenic Htt expression causes cellular translation deficit in both Drosophila and Yeast models. We further find two isoforms of Orb2, a translation regulator in Drosophila gets sequestered by Htt aggregates. The sequestration probably happens through adsorption like process. Coexpression of Orb2 isoforms can rescue the lethality caused due to pathogenic Htt expression in Drosophila. We further find homologs of Orb2 in humans the Cytoplasmic polyadenylation binding proteins (hCPEB1-4) also can be sequestered by Htt aggregates, suggesting our observations with Orb2 might be relevant in HD.
Results:

Expression of pathogenic HttQ138 is associated with reduced translation in cells
We expressed RFP tagged constructs of non-pathogenic HttQ15 and pathogenic HttQ138 in S2 cells. The Htt fragment used here codes for Caspase-6 cleaved N terminal 588 amino acid protein, is important for the disease progression as mutating this to prevent cleavage by Caspase-6 blocks neurodegeneration [16] . The HttQ15 construct is expressed in a diffused cytoplasmic pattern whereas the pathogenic Q138 shows punctate aggregates in cells. To investigate for translation in these cells we performed polysome analysis. Polysomes are complexes of ribosomes with the mRNAs it is translating to proteins [58] . For this cells are incubated with a translation inhibitor Cycloheximide which stalls the translating ribosomes on the mRNAs.
Lysates from these cells are then centrifuged on a 5-45% sucrose density gradient which separates complexes based on their sedimentation coefficients, and as there is RNA in these complexes, absorbance measurement at 254 nm can be used to visualize the separation of the 40S, 60S, 80S ribosomes, and polysome fractions.
For quantitation purpose, we compared the area under the curve for polysome and 80s and represent the data as a ratio between the two. In comparison to HttQ15, we observed a ~24% decrease in this ratio for HttQ138 expressing cells suggesting that there are fewer polysomes or reduced translation associated with the pathogenic construct ( Fig 1A, B ).
We also performed polysome analysis In Yeast model of HD expressing Exon1 of Huntingtin with 25 Q (non-pathogenic) and 103Q repeats (pathogenic) under galactose-inducible promoter [43] . Similar to our observations with S2 cells, here we find ~42.5% decreased polysome/80s ratio for pathogenic HttQ103 compared to non-pathogenic HttQ25 (Fig 1C, D) . One common feature in the polysome profiles of both Drosophila S2 cells and Yeast is a higher 80s peak associated with pathogenic Htt expression. These results from two different systems suggest the expression of pathogenic Htt is associated with decreased polysome/80s ratio in cells.
We further used the Puromycin incorporation assay to compare levels of newly translated proteins in HttQ15 and HttQ138 cells. Puromycin gets incorporated in translating proteins and blocks further incorporation of amino acids and halts translation by premature chain termination [45] . The cells can then be lysed and puromycylated protein detected on western blots using anti Puromycin antibody [11, 54] . Here we observed ~46.6% lesser Puromycin incorporation in HttQ138 cells in comparison to HttQ15 cells (Fig 2A, B ). Together these observations suggest pathogenic Htt expression results in translation dysfunction in cells.
In order to visualize nascent protein synthesis in cells, we used an alkyne analog of Puromycin called O-propargyl-puromycin (OPP) which similar to Puromycin gets incorporated in translating proteins and can be detected by a click based chemical reaction [37] . Surprisingly, upon staining HttQ138 cells with a fluorescent OPP we noticed its incorporation in Htt aggregates ( Fig 2C) . Based on this observation and a previous study showing Htt binding to its own RNA [9] we hypothesized probably Htt aggregates are sequestering the RNA and translation machinery or its regulators and due to this some amount of translation, albeit stalled, can occur in the aggregates.
Isoforms of a protein synthesis regulator Orb2 are sequestered by HttQ138 aggregates and rendered non-dynamic
As we noticed OPP incorporation in the Htt aggregates in the cell, we asked if other RNA binding proteins are also present in the aggregates. Previously Orb2A, an isoform of the translational regulator Orb2 was reported to be sequestered by HttQ128 in Drosophila larval brain [21] . The Htt construct used in this previous report was a shorter Htt fragment with lesser Q repeats. Orb2 a functional prion-like protein is the homolog of mammalian Cytoplasmic Polyadenylation Element Binding protein (CPEB) which can de-adenylate or polyadenylate the poly A tail of its target mRNAs by binding to the CPE elements in their 3'UTR [24] . Orb2 is necessary for the maintenance of long term memory [30, 40] and has two isoforms Orb2A and Orb2B, both containing an unstructured low complexity prion-like domain [40, 31] . On coexpressing GFP tagged Orb2A and Orb2B transgenes along with HttQ138 in the optic lobe neurons, we noticed both to colocalize with HttQ138 aggregates suggesting their sequestration by Htt aggregates ( Fig 3A) .
We next asked what happens to endogenous Orb2 levels in Htt Q15 and Q138 expressing fly heads. Of the two isoforms, Orb2B is readily detectable in the fly head extract due to its higher enrichment in comparison to Orb2A [40] . In western blots, we noticed higher amounts of Orb2B in HttQ138 fly heads compared to HttQ15 ( Fig   3B, C) . The increased levels might represent a steady state situation arising from compromised proteostasis situation in the brain or change in their half-life due to sequestration by Htt aggregates.
How is Orb2 different in its sequestered state in comparison to non-sequestered state? To address this we performed fluorescence recovery after photobleaching (FRAP) experiments with S2 cells coexpressing Orb2 with HttQ138 aggregates. In S2 cells also we observed the sequestration of both the Orb2 isoforms by Htt aggregates ( Fig 4A) . Compared to unsequestered Orb2A and Orb2B where a decreased but partial recovery for Orb2A and almost complete recovery for Orb2B could be seen, in the sequestered state with HttQ138 there was almost no recovery for both ( Fig 4B, C) . This indicates that the dynamic nature and probably function of Orb2 are lost in the sequestered state.
We further asked if the sequestration is due to coexpression of two sticky proteins inside the cell or through a seeding like mechanism. Towards this, we fused Orb2AGFP expressing cells with HttQ138 cells. In the fused cells, we observed the presence of Orb2 on the peripheral surface of Htt aggregates and not in their core ( Fig 4D) . These are probably representatives of starting intermediates in the process of sequestration of Orb2 by Htt aggregates using adsorption like process.
Coexpression of Orb2 isoforms rescue lethality associated with pathogenic
HttQ138
We wanted to know the effect of Orb2 coexpression on the phenotypes associated with Huntington's disease model in Drosophila. Pan-neuronal expression of HttQ138 using Elav Gal4 causes lethality at pupal stages where only 4.8% of flies emerge. On coexpression of Orb2A and Orb2B, we found a rescue to the extent of 60 and 51% in the survival rate ( Fig 5A) . We next performed a loss of function study using an Orb2
RNAi line to test if decreasing Orb2 levels can increase HttQ138 associated lethality.
Towards this end, we used a weaker expressing Elav Gal4 line to co-express HttQ15 and HttQ138 along with control Luciferase and Orb2 RNAi line. Low-level expression of HttQ15 with Orb2 RNAi and control Luciferase RNAi had no effect in the survival of animals. However on coexpression with HttQ138 we observed Orb2 RNAi reduced survival to 50% compared to around 77.8 % survival with Luciferase RNAi ( Fig 5B) . This suggests Orb2 knockdown increases the lethality associated with Htt aggregates. Together the gain and loss of function experiments suggest Orb2 genetically interacts with the Htt associated pathways and can modulate its toxicity.
Coexpression of Orb2 isoforms does not decrease the aggregate load but rescues the translation deficit
As coexpression of Orb2A and Orb2B could rescue the lethality associated with pathogenic HttQ138 we next asked what the mechanism of this rescue might be. As pathogenic Htt forms misfolded toxic aggregates, we first asked if coexpression of Orb2 isoforms is decreasing the Htt aggregate load in neurons. To test this we imaged the axons coming out of the ventral ganglion in Drosophila larvae. In animals coexpressing Orb2A and Orb2B with pathogenic HttQ138, we observed sequestration of these proteins in the Q138 aggregates ( Fig 5C) . This phenotype in the larval axons is similar to what we have observed in the optic lobe neurons and S2 cells. On quantitation of the Htt aggregates in axons however we found there is no significant difference between HttQ138 and the Orb2A, Orb2B rescued animals ( Fig 5D) , suggesting the mode of rescue by Orb2 coexpression is most likely not due to a decrease in aggregate load.
We next revisited our previous observation that translation is perturbed in HttQ138
cells and asked what happens on coexpression of Orb2 isoforms. We performed Puromycin incorporation experiment to quantitate protein synthesis and observed coexpression of Orb2A and Orb2B rescues the reduced translation associated with HttQ138 ( Fig 5E) . Overall these experiments suggest that increasing the translatory status of the cell is might mediate the rescue of the pathogenicity associated with HttQ138.
Human CPEB's can also be sequestered by Htt aggregates
Mammals including humans have 4 CPEB genes, CPEB1-4. We asked if human CPEB's can also be sequestered by pathogenic Htt. We coexpressed GFP tagged hCPEB1-4 with HttQ138. In all cases, we observed the hCPEB's to be sequestered by Htt aggregates (Fig 6A) . On performing FRAP experiments we noted that similar to Orb2, hCPEB2-4 are rendered non-dynamic by sequestration in Htt aggregates.
While there was some recovery of sequestered hCPEB1, but this is still significantly lower in comparison to only hCPEB1 (Fig6B). This suggests the hCPEB's like their Drosophila homolog can be sequestered by Htt aggregates are probably made nonfunctional.
Discussions:
Our observations suggest that pathogenic Htt expression can decrease translation in cells. Previous studies with Alzheimer's, pathogenic Tau, prion disease and ALS/FTD spectrum disorders associated with Fus, Tdp-43 and C9orf72 expansion have been reported to show translation dysfunction [12, 19, 25, 26, 38, 42, 44, 53, 61] . Our study indicates pathogenic Huntingtin protein can also cause similar dysfunction. One reason for the translation dysfunction is possibly through sequestration of translation regulating proteins. Here we find that a translation regulator Orb2 can be one of the candidates which can be sequestered by Htt aggregates and thus can make cells deficient for Orb2 function. The sequestration of Orb2, a prion-like protein, by Htt aggregate resembles the cross-seeding phenomenon seen with other proteins associated with neurodegenerative conditions [14, 15, 17, 27, 46, 56] . Orb2 was previously shown to be a modifier of GGGGCC expansion disease model associated with C9orf72 and Ataxin-3 mediated neurodegeneration in Drosophila [6, 7] . Here we find coexpression of Orb2 rescues the Htt associated toxicity. What might be the reason for the rescue of HttQ138 associated toxicity by Orb2? One possibility is overexpression and sequestration of it by HttQ138 prevents the HttQ138 aggregates from sequestering other proteins. In the yeast model for HD, prion-like proteins were observed to rescue the toxicity associated with HttQ103 expression by reducing the sequestration of other prion-like proteins without decreasing the aggregate numbers [28, 52] . Here we notice no significant difference between the Htt aggregates in the axons of only HttQ138 expressing larvae and the Orb2A and B rescued ones. Another possibility is, as several ribosomal proteins and stress responsive kinases, chaperones, proteins involved in unfolded protein response have putative Orb2 binding elements in its 3' UTR [55], Orb2 isoform overexpression can somehow modulate their expression to rescue the effects of their downregulation. Overexpression of two chaperones having CPE elements in there 3' UTR, DnaJ1 and Mrj are previously reported to rescue Htt associated toxicity in Drosophila [13, 29] .
Our findings connecting Orb2 with HD in the Drosophila model might also be relevant in humans as we find Htt aggregates can sequester hCPEB1-4. In the human genome, almost 20% of the genes can be CPEB1 targets [4, 49] . In mice model for HD, CPEB3 and 4 were present in the insoluble proteome in relevant brain regions [23] and CPEB4 specific target mRNAs were found to be enriched in deadenylated transcripts [48] . Patients suffering from HD are also reported to have problems with memory [1, 8] . As Orb2 was identified as a regulator of maintenance of memory, it's human homologs might also have similar roles. Translation dysfunction associated with sequestration of CPEB's might be one of the factors behind memory associated symptoms in HD patients. Orb2 is probably not the only candidate for Htt sequestration, and towards this, an exhaustive screen for all other RNA binding proteins might be needed in the future to identify other possible targets.
The translation regulation pathways can be important targets towards improving the disease-associated symptoms.
Materials and methods:
Drosophila strains and plasmids: UAS-RFP HttQ15, UAS-RFP HttQ138 transgenic lines, and plasmids were kind gifts from Prof. Troy Littleton's lab [59] . Elav gal4 (X and 2nd chromosome insertions), UAS-Orb2A-GFP and UAS-Orb2B-GFP lines, Orb2 RNAi lines were kind gifts from Dr. Kausik Si's lab. Yeast expressing plasmids for HttQ15 and HttQ103 were kind gifts from Prof. Michael Sherman's lab.
Cell culture: S2 cells were grown in Schneider's media supplemented with 10% FBS. Transfections of plasmids were done with Effectene using the manufacturer's protocol.
Antibodies: Anti-Puromycin antibody was obtained from Kerafast. Secondary antibodies were obtained from CST. Drosophila Orb2 antibody was developed in our lab. Western blots were processed using chemiluminescence detected in GE AI 600
Imager.
Polysome analysis: Polysome analysis was done using the Biocomp gradient station. 5-45% sucrose density gradient in resolving buffer consisting of 140 mM NaCl, 25mM Tris-Cl (pH:8), 10mM MgCl2) was poured using Biocomp gradient station. Each gradient was 11 ml in volume. S2 cells expressing the mentioned constructs were incubated with cycloheximide solution (final concentration of 20 ug/ml) for 20 minutes, before spinning them down at 3500 g for 10 minutes. The supernatant was removed and cells were immediately lysed with lysis buffer consisting of 300mM NaCl, 50mM Tris.Cl (pH:8), 10mM MgCl 2 , 1mM EGTA, 1%
Triton-X100, 0.02% sodium deoxycholate. RNase inhibitor (Rnasin, Promega) was added to the lysate to a final concentration of 1 unit/100 ul. The lysate was spun at 10000 g at 4 o C for 10 mins, and the supernatant was removed to a separate Eppendorf tube, RNA concentration across samples were normalized and equal quantities of RNA were loaded on each gradient. The gradients were loaded on a swing bucket SW41 rotor and were spun at 4 o C at 27000 g speed for 3 hours. The gradients were then unloaded from the ultracentrifuge and were fractionated with simultaneous monitoring of OD at 254 nm using a Biocomp fractionator station. For quantitation purpose, the ratio of area under the curve of polysome/80s was measured.
Puromycin Incorporation Assay: S2 cells transfected with RFP-Htt Q15, RFP-Htt Q138 and Orb2A-GFP or Orb2B-GFP as noted in the figures. 48hrs post transfection cells were treated with 100ug/ml Puromycin (Sigma) for 30mins and sorted using BD FACSAria™ III Standard Sorter. Sorted cells were then lysed in S2 lysis buffer (150mM NaCl, 10mM Tris pH 7.5 and 0.1% NP40) spun at 10000g for 10 mins. The protein concentration of the lysates was measured using the Bradford Assay and an equal amount of protein was used to perform western blot analysis. Membranes were probed with anti-Puromycin antibody Kerafast (EQ0001) and goat anti-mouse secondary antibody CST.
OPP staining: OPP staining was done using Click-iT plus OPP Alexa-647 protein synthesis kit as per manufacturer's protocol. Cells were incubated at 25oC for 30 minutes after adding 1:400 dilution of the Click-iT OPP reagent in Schneiders media.
These cells were further washed 3 times with PBS and then fixed with 4% formaldehyde solution and then permeabilized with 0.5% Triton X-100 in PBS for 15 min. For the Click-iT reaction, cells were incubated in the dark at room temperature in the Click-iT reaction cocktail. After 30 min, samples were washed with Click-iT reaction rinse buffer and PBS, followed by imaging.
Cell fusion assay: Cell fusion assays were done by mixing cells expressing RFP
tagged HttQ138 with Orb2A GFP expressing cells. These cells were coexpressing C. elegans fusogenic protein EFF1. Post mixing, fused cells were identified manually under a microscope and imaged within 4 hours. References: can rescue the lethality associated with pan-neuronal expression of HttQ138 using Elav Gal4. In comparison to only HttQ138 (n=608) which showed 4.8% eclosion, coexpression with CD8GFP (n=26) showed 3.8 % eclosion and with Orb2A (n=131) and Orb2B (n=187) showed 60% and 51% eclosion respectively ( 
